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CoQirol networks provide many benefits for iransducers: 

• Significant reduction in insiallation costs by eliminating many and long analog 
wires. 

• AcceleratioD of control loop design cycles, reduction of commissioning timc» 
and reduction of downtime. 

• Dynamic configuration of measurement and control loops via software, 

• Addition of intelligence by leveraging the microprocessors used for digital 
communicadon. 

for anyone attempting to choose a sensor-interface or networking standard, 
the range of choices is overwhelming. Some standards are open, and some are 
proprietary to a company's control products. To remedy the situation, the IEEE 
Sensor Technology Committee TC-9 is developing the IEEE PI451, Standard 
for Smart Transducer Iniierface for Sensors and Acmators. The sensor market 
comprises widely disparate sensor types. Designers consume relatively lai^gc 
amounts of all types of sensors. However, the lack of a universal interface stan- 
dard impedes the incorporation of "smart** features, such as an onboard electronic 
data sheet, onboard A/D conversion, signal conditioning, device- type idendfica- 
lion. and communications hand-shaking circuitry ^ into the sensors. In response 
to the industry's need for a communication interface for sensors, die IEEE with 
cooperation from the National Institute of Standards and Technology (NIST), 
decided to develop a hardware-independent communication standard for low -cost 
sman sensors that includes smart transducer object models for control networks 
(Travis, 1995). 

The IEEE PI 451 standards effort, currendy under dcvElopment, will provide 
many benefits to the industry. P1451, "Draft Standard for Smart Transducer 
Interface for Sensors and Actuators," consists of four parts, namely; 

(i) EEEE 1451.1 — Network Capable Application Processor (NCAP) informa- 
tion model, 

(ii) IEEE 1451-2 — Transducer to Microprocessor Communications Protocols 
and Transducer Electronic DaU Sheet (TEDS) formats, 

(iii) IEEE PI451.3 — Digital Communication and Transducer Electronic Data 
Sheet (TEDS) formats for distributed multidrop systems^ and 

(iv) IEEE 1451.4 — Mixed-mode Communication Protocols and Transducer 
Electronic Data Sheet (TEDS) fonnats. 

Tn the process of writing the draft document, the working group has defined 
die sman transducer interface module (STIM), transducer electronic data sheet 
(TEDS), transducer-independent interface (TH), and a set of communication 
protocols between the STEM and die network capable application processor 
(NCAP). 

A system block diagram depicting the interface is shown in Figure 7-46. A 
STIM is specified to include up to 255 transducers^ a signal converter or condi- 
tioning, a TEDS, and the necessary logic circuitry to support digital communication 
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FIGUM 7-46 Sysieiti block diagram depicting the transducer interface (Courtesy of 
NIST) 

with NCAP. The TEDS is a small physical memory containing manufacturer's 
information and data for the transducer in a standardized data format The TII, a 
lO-wire digital interface with provision for hot-swapping a sensor to a network, 
is used 10 access the TEDS, read sensors, and set actuators. 

Figure 7-47(a) depicts a STIM and the associated digital interface as de- 
scribed in the P1451 .2A997 hoi swap. The STIM shown here is under the control 
of a network-node microprocessor. In addidon to their u.<;e in control networks, 
STIMs can be used with microprocessors in a variety of applications, such as 
portable instruments and data acquisition cards, as shown in Figure 7-47(b). 

TABLE 7-5 The ten lines that tnaice up the trans duccr-indeptsndeni interface 
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FIGURE 7-47 (a) Hardware partition proposed by P 145 1.2 and (b) possible use for 
the interface. (Source: Woods, 1996.) 

The origin and function of each signal line of the ten- wire interface is listed 
in Table 7-5. 

1451-2 was adopted by the IEEE as a fiill U5ie standard, designated as IEEE 
Std. 1451 .2-1997, The IEEE Std. 1451.2-1997 can be applied standalone, or it can 
be used with P1451 . 1 . The two documents together will define a standard interface 
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for networked smart sensors and actuators. Likewise, the PUS 1. 1 information can 
be implemented in a sensor control or field network without 1451.2. 

The EEEE Std. 145L2-1997 standard and USEE P1451.1 D2.2 draft can be 
ordered from the IEEE customer service department by calling l-(800)-678-4333 
(IEEE) in the United States and Canada. l-(732>98 1-0600 from outside Ihe 
United States and Canada, or by faxing l-(732)-98 1-9667. 



7 AO PI 451 and Practical Components 

Existing microcontrollers fall short of fully implementing the standard in 
silicon, cither because of functionality or prohibitive cosL For example, the 
standard transducer interface module (STIM) portion of the standard specifies 
the sensor interface electronics, signal conditioning, data conversion, calibration, 
linearization, basic communication capability, and a non-volarilc 565-byie TEDS. 
Some microcontrollers with integrated 8- or 10-bit ADCs or comparaior-based 
slope conversion can implement most of the SUM funedonality, but are limited 
in conversion speed and accuracy. Moreover, few available controllers have 
economically integrated analog conversion together with high-density EEPROM 
because of the additional process complexity requirements of both functions. 

These limitatioiis are overcome by recently introduced components such as 
the AduC812 MicroConverter™ (Leonard, 1998) from Analog Devices, which 
integrates Jcey STIM elements with 12-bit, 5 jis data conversion on a single chip 
for high-accuracy, fast-convcrsion-lime applications such as battery monitoring, 
pressure and temperature manageinent, gas monitoring, and leak detection. In a 
typical application, the AduC8l2 conditions and converts signals from various 
types of sensors, sends signals to actuators and display devices, and communi- 
cations with the host microprocessor over signal and control lines. 

Tlie AduC8l2 MicioConverter™ is supponed by a development system 
that includes documentation, applications board, power supply, serial port cable, 
and software. Provided on a 3.5-inch floppy disk, the software consists of an 
assembler, simulator, debugger* serial downloaded and example code. 
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B.l Introduction 

By exploiting the basic physics of senii conductor devices it is possible lo 
design circuits that petfonn a wide variety of maihcmatical operations, including 
additioiv subtracdon, mtildplicadon, and division as well as trigononietric, loga- 
rithmic, and exponential fiinctions. Such circuits perform in the analog domain 
and frcqucndy ofTcr ical advantages over more conventional digital computation. 
Operations where analog computation is preferable to digital include those where 
both The input and output signals must be analog, limited amounts of processing 
arc required and no digital circuitry is present, the signal is differentiaied lo 
produce a rate signal, fast signals must be processed in real time, large dynamic 
ranges arc involved, and complex or iranscendcntal functions must be evaluated 

In an electronic design world, where u digital approach to design is preferred 
itt many instances, much room remains for analog compulation techniques, partic- 
ularly in siniations where a wide, dynamic range of signals or fast signals cati 
be processed. To explain this situation, we take the case of a simple AC power 
meter. A simple AC power meter may be constructed very easily with a single 
analog multiplier as per Figure 8-l(a), where the moving coil mcicr can act as 
(he integrator. A digital power meter would require conversion of both voltage 
and current to digital form, with considerable attention to the timing of die 
conversions, since the relative phase of the two signals is of critical importance. 
However, if with the advantage of a CPU (see Figure 8- 1(b)) diat has a display 
driven by it and a multiplexed ADC with spare capacity, the power metering 
facility could be added to the base system at minimal addiiional cost. 

As another example, the first derivative of a varying analog signal is complex 
to calculate using digital techniques, compared to a simple C-R network for 
analog differentiation (Analog Devices, 1987, Section 5). Digitizing a signal with 
wide dynamic range also is expensive (see Figure 8-2). If such a signal is digitized 
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FIGURE 8-1 Power meter implementation: (a) analog approach, (b) digital appiuach 
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FIGURE B-2 Analog processing advantage of signals with high dynaniic range: (a) 
a 16'bit ABC, thft expensive way, yielding a 96 dB dynamic range; (b) an inexpensive 
8-bit ADC with a logarithmic converter, yielding a 120 dB dynamic range 



with a 16-bit ADC (a comparatively expensive device), the i^tio of an LSB to 
ftill scale is 96 dB; whereas if the signal were first applied to a logarithmic 
converter (frequently misnamed a logarithmic amplifier), then a dynamic range 
approaching 120 dB is practical vvdth an 8-bit ADC. 

Historically, analog computers have been slow devices. Even though high- 
frequency multipliers, modulators, logarithmic amplifiers, and other function 
generators have been available for many years, they generally have had rela- 
tively poor accuracy and stability and have hot been considered analog computers. 
Wihin the last decade, a few classes of accurate nonlinear devices have entered 
the market: muldpliers, modulators, and log amps (Analog Devices, 1990. Sec- 
tion 5). This chapter is an introduction to modem nonlinear devices, their design 
concepts, and special application areas. 
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FIGURE B-3 (a) Diode cunre. (b) diode 
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8.2 A Bask Semiconductor Physics-Based Approach 
to Analog Computation Circuits 

The operation of many analog ccinpuuUonal circuits depends on the loga- 
rithmic propenies of silicon junctions. An ideal logarithmic diode has the current 
voltage relationship 

/ = /o(e^'*''-l) (8.1) 



This could be rewritten as 



kT/I \ kTri\ 



(8.2) 



vhere 



-23 



); 



/ = the cUTTCni through the diode; 
k = Boltzman's consuni (1.38062 x 10' 
V — che voltage across the diode; 

q — s. constant equal to unit Charge, 1.60219 x 10~'' coulombs; 

T ^ the absolute temperature in Kelvin; 

/o = ihc extrapolated current for £o = ^ = 0 volts. 

Referring to Figure 8-3, these equations clearly show that the current in a 
diode increases exponentially with voltage or, conversely, the voltage increases 
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FIGURE 8-3 (a) Diode curve, (b) diode log convener 
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logarithmically wiih currenL These equations arc l«is clear in showing thai /q. 
the iheoretical diode current at zero voltage, is lemperanare dfipendent and so the 
variation of a diode's behavior with Icmpcrutuie is by no means as simple as 
Ihc equation would suggest; that is, the voltage is not proportional to absolute 
temperature at a fixed current. Several approximations concerning ihc logarithniic 
behavior of diodes are worth remembering: 



kT 

— = 26 mV(at 28.58*'C) 
— Inio = 60 mV(at 29.25'C) 



(8.3) 



(8.4) 



(8.5) 



These approximations simplify the diode expression to 

V = 60 mVlog^ 

This simply says thai V increases by 60 mV every lime the current increases 
by a factor of 10 at 29.25X, 

If we were to place an ideal logarithmic diode in the feedback path (output to 
inverting input) of an operadonal amplifier and apply a current lo the inverting 
input, the output voltage would be the logarithm of the input current times a 
temperature varying constant. For the circuit in Figure 8-3(b), if J,^ » /q, 



£o = — In f^) ^0.06 log 



(8-6) 



It is unformnate that real diodes are not ideal logarithmic diodes. In a real 
diode, the bulk resistivity^ R^^ of the siHcon limits the logarithmic accuracy at 
high cunencs and diffusion currents in surface inversion layers and generation- 
recombinaiion effects in space-charge regions cause a scale factor crror^ m, at 
low currents. We therefore find that 



Eo = m— In ^— j 4- Irb 



(8.7) 



where m varies with Ihc cuirenL 

Even vrith similar diodes, m can vajy (it is never less than 1 and may be as 
high as 4), as does the value of Eq at which m changes. General purpose diodes 
therefore are impractical as logarithmic diodes for dynamic ranges of more than 
J 00: 1 (two decades). 

Luckily, we can replace the diode with a grounded-base transistor as per 
Figure 8-4 arid get a dynamic range of 1 million:] (six decades) or more — the 
only disadvantage of such a circuit is that the signals can have only a single 
polarity. 

From the Ebcrs and Moll equations .(see Sheingold» 1976. for a detailed 
derivation), it may be shown that 



(8.8) 



FIGURE 8-4 Ttoisistor log converter 
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FIGURE 8^ Traiisisior log convener 

where » /e^; is the emitter samration current; and an is the forward 
current-transfer ratio (of^ is not the grounded-base current gain). 

Since /^j is less than a pieoampcre and a„ is nearly unity over a wide 
range of currents, in die silicon planar transistors used to manufacture logarithmic 
converters, the effect of the second term generally may be disregarded; and the 
equation simplifies to 



(8.9) 



Such logarithmic converters are temperature sensitive. In equation (8.9), 
kT/q has a tempeiaturc coefficient of 034%/**C around 25*C, and/fis doubles for 
every I0°C temperature rise and varies with device size and geometry. Many of 
these basic concepts, in refined forms or in combination with other compensation 
circuits, are used in nonlinear circuits. (For a further discussion on these basic 
techniques, sec Analog Devices, Inc., 1987; Sheingold 1976.) 



8.3 Important Design Consideroticns in Nonlinear Devices 

In the discussion of nonlinear devices two important design considerations 
are the dynamic range of a signal and the noise. 

8.3.1 Dynamic Range 

In many cases, a wide dynamic range is an essential aspect of a signal, 
something to be preserved at all costs. This is true, for example, in tlie high- 
quality reproduction of music and communication systems. However, often the 
signal must be compressed to a smaller range with no significant loss of infor- 
mation. Compression is used in magnetic recording, where the ui^pcr end of 
the dynamic range is limited by tape saturation and the lower end by the gran- 
ularity of the medium. In professional noise- reduction systems^ compression is 
**undone" by precisely maiclied nonlinear expansion during reproduction. Similar 
techniques are used in conveying speech over noisy channels^ where the perfor- 
mance more likely is to be measured in terms of word intelligibility than audio 
fidelity. The reciprocal processes of compressing and expanding are implemented 
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U5;ing ''compandors. " and many schemes have been devised xo achieve this func- 
Tion, In tenns of the signal voltage. 



Dynamic range (dB) = 20log| 



10 



Largest signal voll^c 
Smallest signal voltage 



(8.10) 



Note that in a linear-impedance system, the power is proportional to the 
signal voltage (or current) squared. Accordingly* 



Dynamic range (dB) = lOlogio 



Largest signal power 
Smallest signal power 



(8.11) 



Also» it is useful to differentiate between the dynamic range of the signal 
and that of die processing system. The signal dynamic range is 



Signal dynamic range = 20 logio 



Largest actual signal voltage 
Smallest actual signal voltage 



whereas the system dynamic range is 



System dynamic range = 20 Iog|g 



Largest permissible signal voltage 
Smallest detected signal voltage 



(8.12) 



(8.13) 



In system design, one should be concetned with ihc system's dynamic range, 
which should match or exceed the signal dynamic range. 

8,3.2 Noise Limifafions 

The dynamic mngc of all signal-processing systencis is limited by random 
noise, which sets a fundamental bound on the smallest signal that can be detected 
or otherwise utilized with an adequate signal-to-nolse ratio (SNR). This noise 
may be generated by numerous mechanisms, including diose associated with the 
source itself (e.g., antenna, phoiomultipricr* piezoelectric transducer) as well as 
by the active and passive devices in the amplifiers. 

Noise cannot be discussed without reference to bandwidth, which will be 
unavoidably limited by the types of amplifier used. Deliberate filtering often is 
included in a signal-processing channel to reduce noise, as well as to improve 
the separation of wanted from unwanted signals. This may take the form of 
bandpass, low-pass, or high-pass funcdons or combinations of these, depending 
on the situation. Nonlinear filtering also may be used, for example, to minimize 
the disturbance of the signal path in the presence of impulsive noise. 

The noise powers of un correlated sources add up, so noise voltages (or 
currents) must be added using a root-sum-of-squares (RSS) calculation. This 
leads to some rather startling consequences. Suppose a system has a major voltage 
noise source of magnitude Ea and several minor noise sources whose RSS sum 
lo a magnitude of Ej,, Then, Ea needs to be only twice Ef, for the major source 
to contribute almost 90% of the total system noise. When EJEi, = 5, 98% of 
the noise is due to Efj. 
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It follows that the overall noise perfonnance of a practical system can benefit 
greatly by (i) imnimizing the input- referred noise of the first stage and (ii) using 
the highest possible gain in this stage. However, the second of these objectives 
frcqucndy cannot be realized in systems that must handle signals of a large 
dynamic range, because the high gain would preclude distortion-free operation 
at maximum signal levels. 

Noise frequently is specified in terms of a noise spectral density (NSD). 
The (crm reflects the fact that the total noise power is directly proportional to 
the system's noise bandwidth, (in Hertz). The NSD therefore usually is of 
interest in specifying a channel's input-noise limitations. Note ihat, in general 
the noise bandwidth is not equal to the — 3dB bandwidth. B/^ can be viewed as 
the bandwidth of an equivalent system with a "brick-wall*' cessation of response 
at that frequency. A system with a single-pole low-pass comer at /□ = \/27tT 
has a value equal to tt/q/I, or l^7/o, while for two such real pole low- 
pass sections in cascade, Bm is 7r/o/4 (see Figure 8-5). The total NSD will have 
both voltage and current components. Since the noise power is proportional to 
the square of either the voltage or current, these two noise components have the 
dimensions of volts/-s/Iiz and amps/VRi, 

Noise signals usually arc small, and therefore nonlinear effects often are 
negligible. In such circumscanccs, it is permissible to use superposition methods to 
evaluate each contributing source independently, followed by an RSS calculation 
to calculate the total noise, A notable exception is the logarithmic amplifier, 
where even very small noise voltages at the input can cause heavy limiting in 
later stages in the amplifier. Special approaches to both noi.se analysis and noise 
specification are required in such cases. 

For details on noise performance, sec Analog Devices, Inc. (1992a) and 
Section 2.3-2 of Chapter 2. While noise limits the low end of a system's dynamic 
range, performance at die upper end of signal range is degraded by the increasing 
importance of nonlinear aspects of circuit behavior. 

Amplitude 



Frequency 



Amplitude 



Frequency 



FIGURE 8-5 Filler noise twndwidths; (a) single-pole low-piisi^ finer {B^ = Jr/,,/2 ; 
l-57/«), (b) two single-pole low-pass filters sections in cascade (B^ = 7zfn/A) 
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8,4 Logorithmic Converters 

The conversion of a signal to its equivalent logaiithmic value involves a 
nonlinear operation, the consequences of which can be confusing if not fully 
understood. It is important to realize that many of the familiar concepts of linear 
circuits are irrelevant to log amps. For example, the incren^tital g^in of an ideal 
log amp approaches infinity as the input tends to 0, and change of offset at 
the output of a log amp is equivalent to a change of amplitude at its input, 
not a change of input offset. The commonly used term logarithmic amplifier is 
somcihing of a misnomer but is used lavishly. 

If we consider the equation y = log(jf), as shown in Figure 8-6(a), every 
time X is multiplied by a constant A, y increases by another constant Ai. Thus, 
if Iog(A:)^ii:,» ihen IogCA^)==iCi -h/li; iogiA^K)^Ki-\-2Ai'. ]og(K/A)^ 
K[ — Ai. As shown in figure 8.6(a) when x is 1, ^ approaches 0. 











> 





(a) 




Afft^?I X ^in' \i " \r.'^^^\ lI^>^lon 

Log Scalt; 

(b) 

FIGURE 8^ (a) Graph of y = iog(x), (b) log amp transfer funccion 



A practical log amp has ihe 
Figure 8-6(b). Such a practical log a 

This is valid over some range o 
(40 dB) to over I million:! (120 dB) 
is logarithniic, and the ideal transfer 
Vj,, the logarithm is 0 (log 1 = 0). 
of the Log amp, because the graph crc 

With inputs very close to 0, log 
most then follow a linear Vin/V'out 
noise. Noise often limits the dynami* 
the dimensions of voltage^ because 
divided by a voltage, Vxt because the 
dimensionless ratio* 

y Practical Log Amps ■ 

The logarithm function is indetei 
can respond to negative inputs in thrt 

1. They can give a full-scale ncgati^ 
basic log amp saturates with negai 

2. They can give an output proportia 
input and disregard its sign, as she 
can be considered a full-wave det» 
often is referred to ais a delecting I 

3. They can give an output propordo 
input and have the same sign as the 
of log amp can be considered a vi 
and may be known as a logarithmic 
a true tog amp, 

8.^,2 Practical Implemenh 

Three basic architectures are used 
Inc.: the basic diode log amp, the true 
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A practical log amp has the graph of transfer characteristics shown in 
Figure 8-6(b), Such a practical log amp has the transfer function 



Vaut = V,log,o 



(8.14) 



This is valid over some range of input values, which may vary from 100:1 
(40 dB) to over 1 million:! (120 dB). The scale of the horizontal axis (the input) 
is logarithmic, aad the ideal transfer characteristic is a straight line. When V\n = 
Vx, the logarithm is 0 Gog I — 0), Vx therefore is known as the intercept voltage 
of the log amp, because the graph crosses the horizontal axis at this value of Vi„. 

With inputs very close to 0, log amps cease to behave logarithmically and 
most then follow a linear Vin/Vout law. This behavior often is lost in device 
noise. Noise ofieti limits the dynamic range of a log amp. The constant Vy has 
(he dimensions of voltage, because the output is a voltage. The input, Vj^i, is 
divided by a voltage, because the argument qf a logarithm mast be a simple 
dimensionlcss ratio. 

8.4. 1 Practical Log Amps and Negmfiye Values ofx 

The logarithm function is indeterminate for negative valiics ofx. Log amps 
can respond to negative inputs in ihrec different ways: 

1, They can give a full-scale negative output as shown in Figure S-7(a). This 
basic log amp saturates with negative inputs. 

2- They can give an output proportional to the log of the absolute value of the 
input and disregard its sign, as shown in Figure 8-7(h). This type of log amp 
can be considered a full-wave detector with a logarithntuc characteristic and 
often is referred to as a detecting log amp. 

3. They can give an output proportional to the log of the absolute value of the 
input and have the same sign as the input, as shown in Figure 8-7(c). This type 
of log amp can be considered a video amp with a logarithmic characteristic 
and may be known as a logarithmic video (log video) amplifier or, sometimes, 
a trite log amp, 

8-4*2 Practical Implementation 

Three basic architectures are used by manufacturers such as Analog Devices, 
Inc.: the basic diode log amp, the true log amp, and the successive detection log 
amp. 

S.4«2*l The Basic Diode Log Amp 

As per the discussion in Section 8.2, a simple diode could be used for a log 
amp function (see Figure 8-3). In practice, the dynamic range of this configuration 
is limited to 40-60 dB because of nonideal characteristics of the diode. However, 
if die diode is replaced with a diode connected transistor, as shown in Figure 8-4, 
the dynamic range can be extended to 120 dB or more. This type of log amp has 
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FIGURE 8-7 Log amps with negative values of jc input; (a) basic log amp, (b) detect- 
ing log amp, (c> in;c log antp or log video amp 

three disadvantages: both the slope and intercept are temperature dependent. It 
will handle only unipolar signals, and its bandwidth is both Jiinited and dependent 
on the signal amplitade. Where several such log amps are used on a single chip 
to produce an analog computer that performs both log and antilog operations, the 
temperature varianon in the log operadons is unimportant, since it is compensated 
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FIGURE 8"8 The AD-538 analog conipucatlonal unit, (Reproduced by permLssion of 
Analog Devices, Inc.) 

for by a similar variation in the antilogging. An example of a pracucal device 
that utilizes sueh techniques js the AD-538 analofi computation unit (ACU) from 
Analog Devices, Inc. (Figure 8-8). This device, which has a transfer function of 
V^oui = V'^.CV^/Vjc) can multiply, divide, and raise to powers, when actual logging 
is required, these types of devices rcqniie temperature compensaiion (Sheingold, 
1976). 

A major disadvantage of this type of log amp for high-frequency applications 
is its limited frequency response, limited by Miller capacitance or the residual 
feedback capacitance of these devices (Analog Devices, Inc., 1995), Practical 
limits are within a few hundred kHz. Therefore^ for high-frequency applications 
detecting and true log architectures are used. 

8-4,2«2 True and Datocting Log Amps 

Although these two types differ in detail, the general principle behind their 
design is the same: Instead of one ampiiiier haying a logarithmic charucicristic, 
these designs use a number of similar, cascaded linear stages having well-defined 
large signal behavior. 

As shown in Figure 8-9(a) consider N cascaded limiting amplifiers, the 
output of each driving a summing circuit as well as the next stage. If each 
amplifier has a gain of A dB, the small signal gain of the strip is NA dB. If 
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Output 
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(b) 

FIGURE 8-9 Multistage log amp: (a) archiifccmrft, (b) response for imipolar case 

the input signal is small enough for the last stage not to limits the output of the 
summing amplifier will be doininated by the output of the last stage. As the input 
signal increases, the last stage will limiL It now will make a fixed contribution 
lo the output of the summing amphfier, but the incremental gain to the summing 
amplifier will drop \o (N ^ l)A dB, As the input continues to increase, this stage 
in turn will limit and make a fixed contribution to the output » and ihc incrcincnial 
gain will drop to (N — 2)A dB, and so forth, until the first stage limits and the 
output ceases to change with increasing signal input. 

The response curve therefore is a sot of siraight lincs^ as shown in 
Figure 8-9(b). The total of these liries, though, is a very good approximadon 
to a logarithmic curve and, in practice, is an even belter one, because few 
limiting amplifiers, especially high-frequency ones, limit quite as abruptly as 
this model assumes. Due to the compromise needed between log approximation 
and number of gain stages, gains of 10-12 dB are chosen in practical devices 
(Analog Devices, 1995). 

This general model, which is ideal, becomes difficult to implement at high 
firequencics due to delays associated with each stage. If each stage has a delay of 
r ns> a signal that passes through all stages will have a delay of /sft ns compared 
to a signal that passes only one stage, which is delayed by only r ns. Some 
soludons for such difficulties arc discussed in Analog Devices (1995). Multistage 
architectures such as these or their variations are video log amps or true log amps. 
However, the most common types of high- frequency log amps arc the devices 
based on successive detection architecture. 



FIGURE 8-10 Successive detection U 
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FIGURE 8*1 0 Successive detection logarithmic amplifier 
8.4*2.3 Successive Detection Log Amps 

The successive detection log amp consists of cascaded limiting stages as 
described previously, but instead of summing their outputs directly, these outputs 
src ^pp}jc<i to detectors, and the debtor outputs nrc summed shown jo 

involve no more t/iaii connccang a// the detector outputs. 

Log amps using this architcciure have two types of output: the log output 
and a limiting output. In many applications, the limiting output is not used, but 
in some (FM receivers with "S" meters, for example) both are necessary. The 
log output of a successive detection log amplifier generally contains amplitude 
inforrnadon^ and the phase and frequency information is lost. 

In the past, it has been necessary to construct high-performance, high- 
frequency successive detection log amps using a number of individual limiting 
amplifiers. These typically arc assembled Ln complex and costly hybrids. Recent 
advances in IC processes have allowed this complete function to be integrated 
on a single chip. 

The AD-640 log amp from Analog Devices is an example of successive 
detection type log amp for high-frequency use. The AD-640 log amp contains 
five limiting stages (10 dB per stage) and five full- wave detectors in a single IC 
package, and its logarithmic performance extends from DC to 145 MHz, A block 
diagram of AD-640 is shown in Figure 8-11. 

With reference to Figure 8-1 1(b), the AD-640 has its log amp transfer func- 
tion where V^, is calibrated to 1 mV exactly. The slope of the line is dirccily 
|)roponional to Vy. Base 10 logarithms are used in this context to sunplify the 
rclaiionship to decibel values. For V\n ^ 10 V,, the logarithm has a value of 1, 
so the output voltage is Vy. At = lOOV^, the output is 2Vy, and so on. Vy 
dierefore can be viewed either as the slope voltage or as the volts per decade 
factor. 

The AD-640 conforms to cquadon (8.1) except diat iis two outputs are in 
Ihe fonn of current rather than voltage: 



1.15) 



Each of the five stages in the AD'640 has a gain of 10 dB and a full-wave 
dfilccicd output- The transfer function of the device is shown in Figure ft-1 1(b) 
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FIGURE 8-n The AD-640 lop amp: (a) block diagram, (b) transfer function and 
error Curve. (Reproduced by permission of Analog Devices, Inc.) 

along with the error curve. Note the excellent log linearity over an input range of 
I -100 mV (40 dB). Although well suited to RF applications, the AD-640 is DC 
coupled throughout. This allows i I to be used in low^ficqucncy and very low- 
frequency systems, including audio measurements, sonar, and other instruments 
requiring operation to low frequencies or even DC. Unlike many other log amps, 
the AD-640 is laser iriramed to a high absolute accuracy of both slope and 
intercept and is fully temperature compensated. Some key features of the AD- 
640 are 



1 . 45 dB dynamic range; two can cas 

2. Bandwidth DC to 145 MHz (120 1 

3. Slope of 1 mA/decade, temperaturi 

4. Less than 1 dB log nonlincaiicy. 
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1. 45 dB dynamic range, two can cascade to 95 dB. 

2. Bandwidth DC to 145 MHz (120 MHz when cascaded). 

3. Slope of 1 mA/decade, temperature stable. 

4. Less than 1 dB log nonlinearicy. 

5. Balanced circuitry for subility and minimal exccmal components. 

For further details on applications, see Analog Devices (1992a, 1992c, 1995). 

8.4.3 K^y ParametBrs of Log Amps and ClassHicafions 

In sclccdng log amps for a given application, key parameters to be consid- 
ered arc listed in T^le 

Over the years, logarithmic amplifiers have accumulated a confusing assort- 
ment of tcnns, some quite misleading- Here (Table 8-2), Analog Devices. Inc, 
attempts to classify log amps into three broad groups according to structure 
and application domain and try lo be consistent in matters of terminology and 
nomenclature. For details, sec Analog Devices (1992a, Section 9). . 

TABLE 8-1 Key parameters of log amps 



Parameter 



Descriprion 



Noise 

Dynamic range 
Frequency response 
SlC|>e 

Intercept point 
Log line«lniy 



Noise referred to ihe input (RTO of the log amp, which 
rtiay he expressed as il noiac figure, as noise specirtl 
densily (voluge, current, or both). Of as noi.^c 
voUage (or nc^$c curreni or t>o;h) 

Range of signal over which rho amplifier behaves in a 
logarithmic manner (expressed in decibels) 

Range of frequencies over which ihe log amp functions 

Gradient of transfer charocterislic in V/dB or mAydD 
Vqluc of input signal ai which output is 0 
Dcviadon of transfer characieriiilic (ptoned on lof;/linc 
axes) from a straight line (expressed in decibels) 



TABLE B'^ Types of log amps and their behavior. (Rcprnduccd by permis- 
sion of Analog Devices, inc.) 



Type 



Performance 



Trunslinear log amps 
Baseband log amps 

Demodubting log amps 



Based on logaiithmic (or tronslincar) properties of 
bipolar transistors: wide dynamic ran gfi, poor AC 
performance 

Respond to instantaneous value of rapidly changing 
inpuU "progressive corapression technique" often 
used, sometimes called video log amps, "true log 
amp- accepts bipolar input* ^ign of output following 
input 

AC (nput signal is i>ecu(icd, output is the modulated 
envelope of the inpvU often called successive 
dtfection. If/^ dmp 
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8.5 MulKpliers and Dividers 

A muliiplier is a device having [^wo input pom and an outpui port. The 
signal aL the output is the product of the two input signals. K both input and 
output signals are voltages, the transfer characteristic is the product of the two 
voltages divided by a scaling factor. which has the dimension of voltage (see 
Figure 8-1 2(a)). From a mathemadcal point of view, multiplication is a four- 
quadrant operation; that is to say» both inputs may be either positive or negative, 
35 may be the output. Some of the circuits used to produce electronic multipliers, 
however, are limited to signals of one polarity. If both signals must be unipolar, 
wc have a single-quadrant multiplier and the output also is unipolar. If one of 
the signals is unipolar, but die other may have cither polarity^ the muldplicr is a 
iwo-quadrant multiplier and the output may have either polarity (and is bipolar). 
■ The circuitry used to produce one- and two-quadrant muldpliers may be simpler 

■ \ than that required for four quadrant multipliers; and since in many applications 

full four-quadrant multiplication is not required, it is common to find accurate 
devices that work only in one or two quadrants. 




RAisingtoaPoucrA 

FIGURE 8-12 Analog muIUplicn (a) basic block diagrani, (b) multipHcarion, (c) di- 
vision, (d) raising to a power A 
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FIGURE a- 13 Log converter compensation problem 

Many techniques can be used for analog multipliers, and some of these arc 
discussed in Shcingold (1976). Most common forms are the use of log/antilog 
circuits or the use of a Gilbert cell (Gilbert, 1968a, i968b). The AD-538 from 
Analog Devices is such a monolithic integrated circuit (Figure 8-8). 

Some disadvantages of such circuits are its unipolar inputs and the variation 
of its bandwidth with the signal amplitude. The problem of bandwidth variation 
arises from the variation of emiuer resistance, R^, with current in the groundcd- 
base transisior. With reference lo Figure 8-13, Re is inversely proportional to 
the emitter current, being approximately 26 ^2 at I mA. The bandwidth of the 
circuit is inversely proportional to the product of ReCc {Cc may be an external 
compensation capacitor or merely stray capacitance) and thus is proportional 
lo the transistor current. Therefore, if the logarithmic converter works over a 
120 dB dynamic range, its bandwidth will vary by 1 million: 1, which can be 
inconvenienL For details, see Analog Devices (1987). 

In addition to adopting other improved logarithmic conversion techniques, 
a popular technique used in commercial analog multiplier ICs is the Gilbert cell 
There is a linear reUdonship between the collector Current of a silicon junction 
transistor and its transconductance (gain) that is given by the following equation: 



dVfl^ kT 



(S-16) 



where 



/(. = collector current; 

VnE = base-cmiicer voltage; 

q = electron charge (1.60219 x 10"^'); 

k = Boltzmann"s constant (1.38062 x 10'^^); 

q/kT = 1/(25.69 mV) at 25^0. 

This relationsliip may be exploited to constmcl a multiplier wiih a long-tailed 
pair of silicon transistors (Analog Devices. 1987), as shown in Figure 8-14. 
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I' 

HGtIRE 8-14 Basic tranficonductancc multiplier circuit 

Ai 25^0, this circuit provides an output of g/kT[{Vy + Vb£)/(4.7 x 10^)] 
(10/10.0lO)y^ for the case of 1^ -1^2 = A/^- 

However, this is a rather poor multiplier because 

1. The y input is offset by the Vbe^ which changes nonlincarly with Vy. 

2. The X input is nonlinear as a result of the exponential relaiionship between 
and VbE' 

3. The scale factor varies wiifa tcrnperalure. 

Gilbert realized chat this circuit couJd be linearized and made temperature 
stable by working with currents rather than voltages and by exploiting the loga- 
rithmic. properties of transistors, as per the case shown in Figure 8- 15(a). 

The X input to the Gilbert cell lakes the form of a differential current, 
and the y input is a unipolar current The differential jc currents flow in two 
diode-connected transistors, and the logarithmic voltages compensate for the 
exponeniial Vbe/^c relationship. Furthermore, the q/kT scale factors cancel each 
other. This gives the Gilbert cell the linear transfer function for Ic = (hi ^ -^crz): 



/ JC 



(8-17) 



As it stands, the basic Gilbert cell shown in Figure 8-1 5(a) has three incon- 
venient features; 

1. Its a: input is a differential current. 

2. Its output is a differential current. 

3. Its y input is a unipolar current. 

This makes the cell a two-quadrant multiplier. 

By cross-coupling two such cells and using two voliage-to-currcnt conveners 
(as Shown in Figure 8- 15(b)). we can convert the basic architecture to a four- 
quadrant device with voltage inputs. A practical example of this type of a 
multiplier is the AD-534 from Analog Devices. In Figure 8- 15(b), QlA and QIB 





(b) 



FIGURE 8-15 (a) Two-quadrant and (I 
cell (Reproduced by permission of Analog 
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r transfer function for == {Ic\ ^ /c2): 



(8.17) 



3wn in Figure 8-1 5(a) has three incon- 



ilicr. 

ising two voliagc-lo-current converters 
went the basic architecture to a four- 
prdCiical example of this type of a 
ices. In Figure 8-l5(b), Ql A and QlB 
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xo 




(b) 

FIGURE 8-1 S (a) TWo-quadranl and (b) four-quadrant muUipliers based on Gilbert 
cell. (Reproduced by permission of Analog Devices. Inc.) 



and Q2A and Q2B form the two core long-tailed pairs of die two Gilbert cells, 
while Q3A and Q3B arc ihc linearizing transistors for both cells. Figure 8-1 5(b) 
shows an operadonal amplifier acdng as a differential current to single-ended 
voltage convener, \m for higher speed applicadons» Ihe cross-coupled collec- 
tors of Ql and Q2 form a diffcrcniial open collector current output (as in ihc 
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AD-g34 multiplier with a 500 MHz range). Moiorola's MC 1494 and 1495 are 
other examples of four-quadnmt multipliers, 

A basic wideband multiplier using the AD-8S4 (for 500 MHz bandwidih) is 
shown in Figure 8-l6(a). Figure 8-1 6(b) indicates the block diagram of a 10 MHz 
multiplier with direct-divide capability. 

For details on multipliers, see Analog Devices (1995> Section 3), 
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FIGURE 8-16 Practical muUiplicrS; (a) A wideband application using the AD-834. 
(b) a 10 MHz multiplier with direci^ividc capability using die AD-734. (Reproduced by 
permission of Analog Devices, Inc.) 



8*6 RMS-to-DC Converters 

The root mean square (RMS) is ; 
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signal is the amount of DC required 
in the same load. Defined mathemati- 
value obtained by squaring the signal 
square root. The averaging time must \ 
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converters can be found in Kitchen an 
in multimeters are discussed in Kularai 
in RMS-to-DC converters: explicit anc 

8.6.7 Explicit Method 

The explicit method is shown in 
squared by a multiplier. The average va 
and the square root is taken using an op . 
loop. This circuit has limited dynatnic 
squarer must try to deal wiih a signal t 
restricts the method co inputs with a m; 
10:1 (20 dB). However, excellent ban 
achieved with high accuracy if a muh 
building block (see- Figure B-1 7(b)). 

8.6^2 Implicit Method 

Figure 8-18 shows ihe circuit for 
using the implicit method. Here, the oui 
of a muldplier such as the AD-734. In 
varies linearly (instead of as the square 
considerably increases the dynamic ran| 
the explicit circuit. The disadvantage of 
bandwidth than the explicit computation 

8.6.3 Monolithic RMS/DC Co 

While it is possible to construct sue 
far simpler to design a dedicated RMS ci 
driven and only one quadrant if the inpi 
circuit Figure 8-1 9(a) shows a block di; 
converter such as the AD-536. It is subdi 
value circuit (active recdfier), squarer/di 
fier. The input voltage, V^^, which can b 
current, /i„, by an absolute value circuit, 
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11/21/05 10:06 FAX 734 647 6618 



i 



MITS UNIV MICH 



il028/052 



d Circuit Block Design 

igc). Motorola's MC 1494 and 1495 arc 
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indicates the block diagram of a 10 MHz 

log Devices (1995. Seciion 3). 
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8.6 RMS-tQ-DC Converters 

The root mean square (RMS) is a fundamental measurement of the magni- 
tude of an AC signal. Defined practically, the RMS value assigned to the AC 
signal is the amount of DC required to produce an equivalent amount of heat 
in the same load Defined mathematically, the RMS value of a voltage is ihc 
value obtained by squaring the signal, taking the average, and then taking the 
square root The averaging dme must be sufficiently long lu allow filtering at the 
lowest frequencies of operation desired. A complete discussion of RMS-to-DC 
conveners can be found in Kitchen and Counts (19S6) and application of these 
in multimeters are discussed in Kulaiama (1996). Two basic techniques are used 
in RMS-io-E)C convcrteis: explicit and implicit 

8.6.1 Explicit Method 

The explicit method is shown in Figure 8- 17(a). The input signal is first 
squared by a muldplicr. The average value is taken by using an appropriate filter, 
and the square tooi is taken using an op amp with a second squarer in the feedback 
loop. This circuit has limited dynamic range because the stages following the 
squarer must try to deal with a signal that varies enormously in amplitude. This 
restricts the method to inputs with a maximum dynamic range of approximately 
10:1 (20 dB). However, excellent bandwidth (greater than 100 MHz) can be 
achieved with high accuracy if a multiplier such as the AD-834 is used as a 
building block (see Figure 8- 17(b)). 

Implicit Method 

Figure 8-18 shows the circuit for computing the RMS value of a signal 
using ihe implicit method. Here* the output is fed back to the direct-divide input 
of a multiplier such as the AD-734. In this circuit, the output of the multiplier 
varies linearly (instead of as the square) with the RMS value of the input. This 
considerably increases the dynamic range of the implicit circuit as compare^d to 
the explicit circuiL The disadvantage of this approach is that it generally has less 
bandwidth than the explicit computation. 

8.6.3 Monolithic RMS/DC Converters 

While it is possible to construct such an RMS circuit from an AD-734, it is 
far simpler to design a dedicated RMS circuit. The V\JVz circuit may be current 
driven and only one quadrant if the input first passes through an absolute value 
circuit. Figure 8-1 9(a) shows a block diagram of a typical monolithic RMS/DC 
converter such as the AD-536. It is subdivided into four major sections: absolute 
value circuit (active rectifier), squarcr/divider, current mirror, and buffer ampli- 
fier. The input voltage, V-^, which can be AC or DC, is converted to a unipolar 
current, /in, by an absolute value circuit I\n drive.*; one input of the one-quadrant 
squarer/dividcr, which has the transfer function Ifjl /. The output current, /fp///, 
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FIGURE 8-1 7 The explicit method of RMS-tO'DC conversion: (a) basic technique, 
(b) wideband RMS measurement using the AD-834, (Reproduced by pennission of AnaJo|; 
Devices, Inc.) 
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FIGURE 8-19 The AD-536 RMS/DC convener (a) block diagram, (b) error against 
crcsl factor, (c) input waveform used for (b). (Reproduced by pennission of Analog 
Devices, Inc.) 

of ihc sqaarer/dividcr drives iht current mirror ihrou^ a low^pass lilter formed 
by Ri and an externally connected capacitor, Cav- ^ ^\Cav dme constant is 
much greater than the longest period of the input signal, then llJJff is effectively 
averaged, The curreni minor returns a cuuenl, /y, that equals the average value 
of /fn/// back to the squarcr/dividcr to complete the implicit RMS computation. 
TTierefore, 



/iaCRMS) 



(8.18) 



The current miiror also produces the output current, /©uf which equals 2//. 
The circuit provides a decibel output also, which has a lemperalurc coefficient 
of approximately 33(X) ppm/"C and must be temperature compensated. 
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TABLE 6-3 A rcpreaentaiivc set of RMS/DC converters from Analog Devices, Inc. 



Pffrf No. 


Bandwidth 


FuU-SccU Inpia 
Voltage Range 


A CSC 




> 100 mV input 




2 MHz 


>1 V 


AD-636 


\ MHz 


Up to 200 mV 




8 MHz 




AD-637 


& MHz 


>1 V 




600 kHz 


200 mV 


AD-736 


350 kHz 


100 mV 




^60 kHz 


200 mV 


AD-737 


170 10 350 kHz 


100 mV 




190 10 460 kHz 


200 mV 



Remarks 



±15 V rails 

Lav-po*er (±5 V) rails 

Chip select/power down 
funcdon available (±3 
toils V rails) 

Low-poMver precision 

converter 
±5 10 ±16 V power rails 
U>w-cx55l, low-power true 

RMS 
±S Lo ±16 V raiU 



There are a number of RMS/DC converters in monolithic form. A represen- 
tative Hsi from Analog Devices is shown in Table 8-3. For practical applications, 
design details, and selection of RMS/DC conveners, see Analog Devices (1992c, 
1995), Kitchen and Counts (1986), and Kularatna (1996). 



8.7 Function Generators 

Some interesting applications of nonlinear devices involve function genera- 
tion using AD-538-lype devices axid AD-639 trigonomciiic function generators. 
To fully appreciate these devices, keep in jnind that some digital techniques such 
as direct digital synthesis (DDS) still have restrictions at high frequencies, beyond 
several megahertz. An example of these could be shown using the AD-538. The 
arc-tangent circuit shown in Figure 8-20(a) is typical of AD-538 applications 
where y is 1 so that Vo = iZ/Xf' forAf < I. 

In an approximation to the arc-tangent function, the AD-538 may be made 
to compute the angle represented by two rectangular coordinates, which, since 
they are applied to the X and Z inputs, we shall call X and Z rather than the more 
usual X and Y. If X and Z arc within the range 100 to 10 V, the error in 
the computed angle is under T (the AD-639 can perform a similar computation 
with fewer components but cannot work over a wide dynamic range). 

The circuit exploits the fact thai 



T ^ 



l-f-(tanr)J-2i 



(S.I9) 



where T is the angle normalized to 90°. 

The AI>538 and the external amplifier calculate log(tanr) from X and 
Z, amplifie it by a factor of 1.21 to raise to the 1.21 power* and perform an 
implicit calculation to calculate the angle (which is expressed in terms of the' 
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FIGURE 8-20 Nonlinear devices us 
tion using die AD-538, (b) the AD-639 
(Reproduced by permission of Analog D 

reference voltage). Under these cond 
the angle tends to 90"* although, in f; 
89.5* because at 90" tangents become 
unstable. R[ and must be match" 
stabilized by the 0,1 viF integrating c; 
Circuit works in a single quadrant sir 
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)C converters from Analog Devices. Inc. 
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/crtcrs in monaliihic form. A reprerscn- 
n Table 8-3, For practical applications, 
:onvcrtcrs, see Analog Devices (1992c, 
ulaniLna (1996). 



linear devices involve function gcncra- 
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mind that some digital icchniques such 
restrictions at high frequencias, beyond 
4Duld be shown using the AD-538. The 
(a) is typical ol AE)-538 applications 
' < I. 

nc function, the AD-538 may be made 
I rectangular coordinates^ which, since 
shall call X and Z rather tlian the more 
ic range lOO /to 10 V, the error in 
339 can perform a similar computation 
over a wide dynamic range). 



an T) 



1-21 



(8.19) 



lilicr calculate logCtanT) from X and 
36 to the 1.21 power, and perform an 
e (which is expressed in temis of the ' 
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FIGURE 8»20 Nonlinear device:; used a$ function generators; (a) arc-iangcnt func- 
iion using the AD-538, (b) the AD-639. a universal trigonometric funcuon generator. 
(Reproduced by permission of Analog Devices, Inc.) 

reference voUage), Under these condidons^ ihc output voltage tends to Vj^^/r as 
the angle tends to 90** although, in fact, the circuit cannoi be used much above 
89.5' because at 90* tangents become infinite and before that the circuit becomes 
unliable. R] and R2 must be matched for highest accuracy, and the circuit is 
stabilized by the 0.1 |iF integrating capacitor in the amplifier feedback path. The 
circuit works in a single quadrant since boih X and Z must be positive. 
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Trigonometric fuxKtions more normally are calculated by the AD-639. No 
external components (other than supply decoupling capacitors) arc required to 
compute sines, cosines, tangents and cotangents, and secants and cosecants with 
the Al>-639. Little more than an extra reference voltage (which may be generated 
from the internal reference with an operational amplifier and a couple of resistors) 
is required for vcrsines and covcrsincs. For details of the less common functions, 
consult the AD-639 data sheet (Analog Devices, 1999) and various application 
notes — the sine, cosine, and tangent will be described here. Some interesting 
applications of the AD-639 are discussed in Analog Devices (1987). 



8.8 BenistOF/ a Newly Introduced Device 

An interesting novel component surfaced recently (Bindra, 199&) from the 
Bcnsys Corporation, the Beniscor™. (The name Benisior is a combination of 
the company's name and transistor.) The Benistor, which performs similar to 
multielecirode vacuum tabes, can independently control the voltage and current 
output from the device. 

Introduced in 1998, the device block diagram, shown in Figure 8-21 (a), 
comprises four blocks: the power conliT>Ucr (PC), the current separator (CS), 
the current conUoller (CQ, and the voltage threshold controller (VTC). In the 
first commercial device, BEN 35100. the PC is a simple PNP transistor that acts 
as a switch or a variable resistor between the power source and the load. The 
CS block incorporates three NPN transistors to enable the voltage controller and 
current controHer to work simultaneously or scparaleiy. 

Comprising two open-collector op .amps and two resistors, the cutjent con- 
troller acts as a voltage/cuireni converter for the power controller. There are 
two control inputs to this block: the noninvctting input CC and the inverting 
input CC. The amount of voltage input at the nOninverring cuirent control is 
directly proportional to the current output to the load^ and the amount of voltage 
at die inverting electrode is inversely proportional to the output current. Func- 
tioning as a window comparator^ the VTC controls the buffer's base current, 
in either a switching or sclf-svidtching mode. The two controls of the VTC arc 
effective voltage control (EVC) and maximum voltage control (MVC). which 
determine the threshold voltages of the output. While the voltage at the EVC 
establishes the threshold for switching from off to on, die voltage at MVC pin 
determines the onyoff states. In effect, the voltage settings on these two pins 
pre-establish the output voltage window. 

In summary, the Benisior is a multjelectrode device consisting of impedance 
command pins for precise control of output current and voltage. Consequently, 
eight electrodes completely define the Benistor. These arc shown in Figure 8*21 (b). 

The S5 electrode (not used in the BEN 35100 version) sets the initial state 
of the Benisior's self-switching mode of operation as either on or off at the 
beginning of an input power pulse wave. Having only two states, it is either 
grounded (on) or floating (off). Likewise, the CE provides the reference voltage 
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for ihc device, while the CC determines ihe window of oucpui curreni, and the 
VTC pre-estabiishes the window of output voltage. Based on these settings, the 
powei controller will deliver to the load only that pan of the input power signal, 
with respect to the amount of cmrent and voltage, within the two pre-established 
ranges. In cfFccu together, the voltage and current-control electrodes can provide 
the sysicm designer virtually any output possibility. 

Because the device can accept AC. DC» and pulse input and provide output 
in any of these modes or any combination (based on conditions at the control elec- 
trodes), the Benistor inspires a new way of thinking in power control and power 
coaveniion. Combining the capability of all three previous values, it provides 
designers a unique method of controlling power parameters. Figure 8-22 indicates 




FIGURE 8-22 

Corporation.) 



Waveform control examplcj (Reproduced by permission of Bensys 



complex wavefomis that can be obtai 
For further details, see Bindra (1998), 
•••) and U.S. Patent No. 5,593.093. 
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complex waveforms that can be obtained from the same input (bottom traces). 
For further details, see Bindra (1998)» and Bensys Corporaiion <•••, 
and U.S. Patent No. 5,598,093, 
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CHAPTER 




Rechargeable Batteries 
and Their Management 



9.1 Introduction 

t • ' ■ ' 

The insatiable demand for smaller, lightweight portable electronic equipment 
has dramatically increased the need for research on rechargeable (or secondary) 
battery chemistries. In addidon to achieving improved performance on lead acid 
and nickel cadmium (NiCd) batteries, during the last decade, many new chemistries 
such as nickel metal hydride (NiMH), lithium ion (Li-ion), rechargeable alkaline. 
silver-7.inc, zinc-air, litliium polymer, and the like have been introduced. 

Hifiher energy density, superior cycle life, environmental friendliness, and 
safe opcmtion axe among the general design targets of battery manufacturers. 
To compiemeni these developments many semiconductor manufaciurers have 
introduced new integrated circuit families to achieve the best charge/discharge 
performance and longest possible lifetime from battery packs. 

Tliis chapter describes the characicristics of battery families such as sealed 
lead acid, NiCd, NiMH, Li-ion, rechargeable alkaline, and zinc-air together with 
modem techniques used in battery management ICs, without elaborating on the 
battery chemistries. Concepts and applications related to systems management 
bus and smart battery system also are introduced. 



9,2 Bdtteiy TerminelQgy 
9.2.1 Capodty 

Battery or cell capacity is measured as an integral of current (/) over a 
defined period of dmc (0: 

Capacity = / idi 

Jq 
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This equation applies to either the charge or discharge; ihai is, the capacity 
added or capacity removed from a battery or cell. The capacity of a battery or 
cell is measured in milliampere-hours (mAh) or ampere-hours (Ah). 

Although the basic definition is simple, many different forms of capacity 
are used in the battery industry. Hie distinctions among them reflect differences 
in the conditions under which the capacity is measured. 

Standard capacity measures the total capacity that a relatively new but 
stabilized production cell or battery can store and discharge under a defined 
standard set of application conditions. It assumes that the cell or battery is 
fully fomncd, charged at the standard temperature at the specification rate, and 
discharged at the same standard temperature at a specified standard discharge 
rate to a standard end-of-discharge voltage (EODV). The standard EODV itself 
is subject to variation depending on discharge rate as discussed. 

When any of the application conditions differ from standard, the capacity of 
the cell or battery changes. The term actual capacity includes all nonstandard 
conditions that alter the amount of capacity the fully charged new ceil or batteiv 
is capable of delivering when fully discharged to a standard EODV. Examples 
of such situations might include subjecting the cell or battery to a cold discharge 
or a high-rate discharge. 

That portion of actual capacity which can be delivered by the fully charged 
new cell or battery to some nonstandard EODV is called available capacity. 
Therefore, if the standard EODV is T.6 volts per ceil, the available capacity to 
an EODV of 1-8 volts per cell would be less than the acniaj capacity. 

Rated capacity is the minimum expected capacity when a new but fully 
formed cell is measured under standard conditions. This is the basis for C rate 
and depends, on the standard conditions used, which may vary depending on the 
. manufacturers and the battery types. 

If a battery is stored for a period of time following a full charge, some of its 
charge will dissipate. The capacity dial remains and can be discharged is called 
the retained capacity. 

9.2.2 C Rafm 

The C rate is the rate in amperes or milliampcrcs numerically equal to 
Ihc capacity rating of the cell given in ampere-houj^ or miliiamperc-hours. For 
example* a cell with a 1.2 Ah capacity has a C rate of 1.2 amps. The C concept 
simplifies die discussion of charging for a broad range of cell sizes, since the 
cells* responses to charging are similar if the C rate is the same. Normally, a 
4 Ah cell will respond to a 0.4 amp (0.1 Q charge rate in the same manner diat 
a 1.4 Ah cell will respond to a 0.14 amp (also 0.1 C) charge rate. 

The rate at which current is drawn from a battety affects the amount of 
energy that can be obtained. At low discharge rates the actual capacity of a 
battery is greater than at high discharge rates. TTiis relationship is shown in 
Figure 9-1. 
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FIGURE 9-1 Capaciiy vs. discharge r; 

9.2.3 Energy Density 

The energy density of a cell is its 
This is called the gravimetric energ 
voluinctric energy density when voli 
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respectively; Bennett and Brown, 1997 
-!:'.'.. ' i 

9,2^4 Cycle Life : 

Cycle life is a measure of a batti 
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FIGURE 9-1 Capaciiy vs. discharge rate of a typical cell 
9.2*3 Energy Dmnshy 

The energy density of a cell is its energy divided by its weight or volume. 
This is called the gravimetric energy density when weight is used, and the 
volumetric energy density when volume is used, (The terms energy density 
and specific energy somcdmes are used for volumetric and gravimetric measures, 
respectively; Bennett and Brown, 1997.) 

9.2.4 Cycle Ufa 

Cycle life is a measure of a battery's ability to withstand repetitive deep 
discharging and recharging using the manufacturer's cyclic charging recommen- 
dations and stili provide the minimum required capacity for the application. 
Cyclic discharge testing can be done at any .of various rates and depths of 
discharge to simulate conditions in the application. It must be recognized, how- 
ever, lhat cycle life has an inverse logarithmic relationship to depth of discharge. 

9.2.5 Cydic Energy DBnsity 

For compaiisan, a better measure of rechargeable battery characierisucs 
is a composite characteristic that considers energy density over the service 
life of the battery. This composite characteristic, cyclic energy density. Is the 
product of energy density and cycle life at thai energy density and measured 
in the dimensional units watt-hour-cycles/kilogram (gravimetric) or watt-hour- 
cyclcs/liter (volumetric). 
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9.2.6 Self-Discharge Rafe 

The self-dischai^e rate is a measure of how Jong u baiiery can be stored 
and still provide the minimum required capadry and be rechargeable lo the raced 
capaciiy. This commonly is measured by placing batteries on shelf at room (or 
elevated) temperature and monitoring open circuit voltage over time. Samples arc 
discharged ai periodic intervals to determine remaining capacity and recharged 
to dctcmiine rechargcabiliiy. 

9.2^7 Charge Acceptance 

Charge acc^tance is the willingness of a baucry or cell lo accept a charge. 
This IS affected by cell temperature* charge rate, and the state of charge. 

9*2.fi Depth of Discharge 

The depth of discharge is the capacity removed from a battery divided by 
its actual capacity, expressed as a percentage. 



9.2.9 Voltage Plateau 

The voltage plateau is the protracted period of very slowly declining voltage 
that extends from the initial voltage drop at the stan of a discharge co the knee 
of the discharge curve (Figure 9-2). 

9.2. 1 Q Midpoint Voltage 

The midpoint voltage is the battery voltage when 507o of the actual capacity 
has been delivered (see Figure 9-2), 
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FIGURE 9-2 Nominal discharge pcTformance For sealed lead-acid cells 
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9^2.11 Overcharge 

Overcharge is the continued charging of a cell after it has become fully 
charged. When a cell is not yet fully charged, the electrical energy of the charge 
current is converted to chemical energy in the cell by the charging rcacdons. But, 
w^hen all the available active material has been convened to a charged state, the 
energy available iti the charging current goes to produce gases from the cell or 
to aciivaie other nonuscful chemical reacdons. 



9.3 Battery Technology: An Overview 

Many types of rechargeable chemistry are used in electronic systems. Today, 
most batteries are NjCd» NiMH, and sealed lead acid, with lidiium-ioo malcing 
headway into portable systems. The choice of a particular battery technology 
for a given system is typically limited by size, weight, cycle life, and cost. 
A comparison of some basic characteristics of the ave major types of battery 
chemistry is depicted in Table 9-1. 

NiCd batteries presently power most rechargeable consumer appliances. The 
technology is mature and well understood. However* cadmium is coming u^idcr . 
increasing regulatory scrutiny (including mandatory recycling in some jurisdic- 
tions) and the maturity of NiCd technology also means most of the capacity and 
life cycle improvements already have been made. 

NiMH offers incremental improvements in energy density both by weight 
and volume over NiCd. Li-ion is better still, offering over twice the watts per liter 
and per kilogram of NiCd batteries. As always, this higher performance comes at 
a higher price. NiMH and Li-ion arc increasing in popularity as upgrade options or 
in applications that support a higher price/performance poinL The advantages of 
NiMH and Li-ion chemistry, however, also come at the cost of greater electrical 
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fragility. Li-ion particularly is more easily and extensively damaged by less than 
optimal battery management, so much so that fail-safe circuits to disconnect the 
cells from the load under overcuixent or ovettemperaturc conditions usually aie 
built into the battery pack. 

Rechargeable alkaline batteries mimic the form and replace the function of 
disposable household batteries. While initially more expensive, they cost less 
over their lifetime than the equivalent in disposable batteries. They are Che least 
expensive form of rechargeable chemistry for low current applications and have 
the lowest self -discharge rate. However, ihey have the shortest cycle life in deep 
discharge applLcations- 

Lead-acid batteries are most familiar in automobiles because they are the 
most economical chemistry for delivering large currents. Lead-acid batteries also 
have a long trickle life and therefore serve well for classic ''floating*' appli- 
cations. Although flooded lead-acid technology is popular for automobile and 
similar applications, sealed lead-acid batteries serve the electronic engineering 
cnvironmenL On the downside, lead-acid has the least capacity by volume and 
weight. 

Table 9-1 lists the major advantages and disadvantages of the five chemis- 
tries. Chemistry selection involves trade-offs driven by the technical requirements 
and economics of the application. 



9.4 Leod-Add Batteries 

Flooded Load-Add Batferies 

The flooded lead-acid battery of today basically uses the design developed by 
Faure in 188 L It consists of a container with multiple plates immersed in a pool of 
dilute sulfuric acid. Recombinadon is minimal, so water is consumed throughout 
the battery life and the batteries can emit corrosive an^ explosive gases when 
experiencing overcharge. So-called maintenance-free forms of flooded batteries 
provide excess electrolytes to accommodate water loss throughout a normal life 
cycle. Most Industrial applications for flooded batteries are found in motive 
power, engine starting, and large system power backup. Today, odicr forms of 
battery have largely supplanted flooded batteries in small- and medium-capacity 
applications, but in larger sizes flooded lead-acid batteries continue to dominate. 
By far, the biggest application for flooded batteries is stardng, lighting, and igni- 
tion service on automobiles and trucks. Large flooded lead- acid batteries also 
provide motive power for equipment ranging from forklifts to submarines and 
provide emergency power backup for many electrical applications, most notably 
the iclccoinmunication network. 

9.4*2 Scaled Lead-Actd Batferios 

Sealed Icad-acid batteries first appeared in commercial use in the early 
1970s. Although the governing reactions of the scaled cell arc the same as other 
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forms of lead-acid bacccnes, the key difference is the recombination process that 
occurs in the sealed cell as it reaches full charge. In conventional flooded lead- 
acid systems, the excess energy from overcharging goes into Ihc electrolysis 
of water in the electrolyte with the resulting gases being vented. This occurs 
because die ejccess electrolyte prevents the gases from diffusing to the opposite 
plate and possibly rccombining. Thus, electrolyte is lost on the overcharge and 
mtLSt be replenished. The sca1ed-li^ cell, like the sealed nickel-cadmium cell, 
uses recombination to reduce or eliminate this cleclrolylc loss. 

Sealed lead-acid batteries for electronics applications are somewhat different 
from the type commonly found in the automobile. There arc two types of scaled 
lead-acid batteries: the original gelled electrolyte and retained (or absorbed) 
system. The gelled electrolyte system is obtained by blending silica gel with 
an electrolyte, causing it to set up ia gelatin form. The retained system employs 
a fine glass fiber separator to absorb and retain liquid electrolyte. Sometimes 
the retained system is called an absorbed glass mat (AGM). The AGM also is 
known as a starved design. Starved means the absorption limits of the glass 
separator create a limitation to the jAGM design relating to diffusion proper- 
ties of the separator. In certain cases, the AGM battery must be racked and 
traycd in a spcciHc position for optimum performance. Both types, gelled and 
AGM, are called valve regulaxed lead acid (VRLA) systems. Today, sealed-lead 
cells are operating effectively in many markets previously dosed to lead-acid 
batteries. For a detailed account of lead-acid cells, sec Gates Energy Products Inc. 
(1992), Hifai (1990), and Moore (1993). Meanwhile, some manufacmrers have 
introduced special versions of sealed lead-acid batteries with higher volumetric 
energy density; for example, the Portable Energy Products. Inc., Thinline^^ 
series and the Bolder Technologies Corporation Thin Metal Film (TMF™). both 
with comparatively higher energy densities (Moneypenny and Wchracyer, 1994; 
Nelson, 1997). 

9.4.2.1 Discharge PerfDrmnnce of Sealed-Lead Acid Cells 

The general shape of the discharge curve, voltage as a function of capacity 
(if the current is uniform) is shown in Hgure 9-2. The discharge voltage of the 
starved-clcctiolytc scaled-lead add battery typically remains relatively constant 
until most of its capacity is discharged. It then drops off sharply. The flatness 
and the length of the voltage plateau relative to tlie length of the discharge are 
major features of scaled- lead cells and batteries. The point at which the voltage 
leaves the plateau and begins to decline rapidly often is identified as the knee of 
the curve. Slarved-clcctrolyte scaled-lead acid batieries may be discharged over 
a wide range of temperanares. They maintain adequate performance in cold envi- 
ronments and may produce actual capacities higher than their standard capacity 
when used in hot environments. Figure 9-3 illustrates the relationships between 
capacity and cell temperature. Actual capacity is expressed as a percentage of 
rated capacity as measured at 23*C. 
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FIGURE 9-3 Typical dischar^i^ copacliy as a function of cell temperature 
9.4.2.2 Capacity During Battery Life 

The inilial acwal capacity of scaled-lead acid batteries is almost always 
lower than the battery's i^ied or standard capacity. However, during the battery's 
early life, the actual capacity increases until it reaches a stabilized value, which 
usually is above the rated capacity. The number of chargc/dischai^e cycles or 
length of time on float charge required to develop a battery's capacity depends on 
the specific regime employed. Alternatively; ii battery that is 'on charge at 0.1 C 
usually is stabilized after receiving a' 300% (of r^ied capacity) overcharge. The 
process may be accelerated by chargmg and discharging at low rates. 

Under normal operating condLdons, the bai'tfery's capacicy will remain at or 
near its stabilized value for most of its useful life. Batteries then will begin to 
suffer some capacity degradation due to their age and the duly to which ihey 
have been subjected. This permanent loss usually increases slowly with age until 
the capacity drops below 80% of its rated capacity, which often is defined as the 
end of useful battery life. Figure 9-4 shows the capacity variation with cycle life 
that can be expected from sealed-lead acid batteries. 

9»4.2.3 Effect of Pulse Discharge on Capacity 

In some applications, the battery is not called on to deliver a current coniinu' 
ously. Rather, energy is drawn from the battery in pulses. By allowing the battery 
to "rest" between these pulses, the total capacity available from the battery is 
increased. Figure 9-5 shows typical curves representing the voltage delivered as 
a function of discharged capacity for pulsed and constant discharge at the same 
rate. 

For the pulsed curve, the upper line represents the open-circuit voltage 
and the lower line represents the voltages during the periods when the load 
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is connected. The use of discharged capacity as tlie abscissa eliminates the rest 
periods and shows only the periods of useful discharge. 

9*4,3 Charging 

In general, experience with sealed-jead acid cells and batteries indicates 
thai application problenxs are more likely to be caused by undercharging than 
overcharging. Since the starved-electrolytc cell is relatively resistant to damage 
from overcharging, designers may want to ensure that the batteries are fully 
charged, even al ihe expense of some degree of overcharge. Obviously. cxces.<;ive 
overcharging, either in magnitude or dur4tion, still should be avoided. 



0048/052 



378 Modem Componenr i=omil!es and Circuit Block Design 



s 



Qeosnlizcd Curve 



1 




5we of Chaise 



100% 





5(»& 

' 'Slate orOucEX 



■/r=T 



a 



i 




^ , . 

Staie ofChargc 

FIGURE 9*6 Charge acceptance: (a) effect of slate of charge on chaigc acceptance, 
(b) charge acceptance at various tcmperatores, (c> charge acceptance at various charge 
raies 



Rechargea 

The charge acceptance of sealt 
quite high, typically greater than 909 
every ampere-hour of chaise introdi 
deliver 0.9 Ah to a load. Chai^ge acc 
including cell temperature, charge ra 
charging (Figure 9-6). 

The state of charge of [he cell, 
with which the cell will accept a c 
the charge acceptance initially is qu 
charged, it accepts current more rcadr. 
approaching 98% in some situations- 
unlil the cell approaches full charge. 

As mentioned earlier, as die eel 
uical energy begins generating gas, w 
When the cell is fully charged, essent 
except for the very small cuuent that 
would be manifested as self-discharg 
phenomena is shown in Figun: 9-6(a) 

As with most cheraicai reaction: 
charging reactions in the sealcd-leac 
higher temperatures than at lower lem 
as shown in Figure 9-6(b). 

The starved-electrolyie sealed-]< 
charging rates. The cell can accept a c. 
as long as the state of charge is not sc 
the cell can be charged at low rates w 

Figure 9-6(0) shows the general! z- 
dcfined by changing rates. When exam 
of charge, low charge rates provide be 

In the starved-clectrolyte sealed-1 
bulk of the gases is recombined and t 
the cell if it is ovcrchaiged. 



9.5 Nickel-Cadmium Battel 

Sealed NiCd batteries are especj 
self-contained power source increases 
Among the sigoificani advantages of N 
discharge rates* fast recharge capabilit> 
places NiCd families at the top of usi 
die NiCd batteries are capable of opei 
in any orientation with reasonable con 



11/21/05 10:10 FAX 734 6 47 66 18 

J ^ 



MITS UNIV MICH 



121047/052 



rcuU Block Design 




of Charge 




fb) 




(0 



of state of charge on charge acceptance, 
(c) cha:^;e acceptance at various charge 



Rechargeable BafteriBi and Their Manogemenf 379 

The charge acceptance of sealcd-lead acid batteries in most situations is 
quite high, typically greater than 90%. A 90% charge acceptance means that tor 
every ampere-hour of charge introduced into the cell, the cell will be ^Ic to 
deliver 0.9 Ah to a load. Charge acceptance is affected by a number of factors 
including cell tcmpet^tiirc, charge rate, staie of charge, age. and the method of 

charging (Figure 9-6). ,_ «; • 

The state of charge of the cell, to some extent, will dictate the efficiency 
with which the cell will accept a charge. When die cell is fully discharged, 
the charfie acceptance initiaUy is quite low. As Ihc cell becomes only sUghtly 
charged, it accepts current more readily and the charge acceptance jumps quickly, 
approaching 98% in some situations. The charge acceptance slays at a high level 
until the cell approaches full charge. 

As meniioncd earlier, as the cell becomes fully charge4 some of the elec- 
trical energy begins gencraiing gas, which represents a loss in charge acceptance. 
When the cell is fully charged, essentially, all the charging energy generates gas, 
except for the very small current that makes up for internal losses that oiherwi.se 
would be manifested as self^dischat^e. A generalized curve representing these 
phenomena is shown in Figure 9-6(a). 

As with most chemical reactions, temperature has a positive effect on the 
charging reactions in the scaled-lead acid cell. Charging is more efficient at 
higher tcmperamrcs than at lower temperatures, all other parameter^ being equal, 
as shown in Figure 9-6(b)- 

Thc siarved-eleccrolyte sealed-lead cell charges very efficiendy at most 
charging rates. The cell can accept a charge at accelerated rates (up to the C rate) 
as long as the state of charge is not so high diat excessive gas is generated. And 
the cell can be charged at low rates with excellent charge acceptance. 

Figure 9-6(c) shows the generalized curve of charge acceptance now further 
defined by charging mtes. When examining these curves, note that, at high states 
of charge, low charge rates provide better charge acceptance. 

In die siarved-declrolyte scaled-lead acid cell at typical charging rates, the 
bulk of the gases is recombined and there is virtually no venting of gases from 
the cell if it is overcharged. 



9.5 Nickel-Cadmium Battarie^ 

Sealed NiCd baitcries are especially well suited to applications where a 
self-contained power source increases the versatility or reliability of the product. 
Among the sLgnifioint advantages of NiCd fanulie<; arc higher energy density and 
discharge rates, fast recharge capability, and long opcrdting and storage life. This 
places NiCd families at the top of usage in the' portable products. In addition, 
the NiCd batteries are capable of operating over a wide tcmperaiure range and 
in any orientation with reasonable conUnuous overcharge capability. 
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9.5.1 Construction 

NiCd secondary batierics opcraic at 1.2 V, using nickel oxyhydroxidc for 
the active material in the positive electrode. The active material of ihc negative 
electrode consists of cadmium, and an alkali solution acts as Ihc electrolyte. In 
NiCd batceries, a reaction al the negative electrode consumes the oxygen gas thai 
generates at the positive electrode during overcharging. The design prevents the 
negative electrode from generating hydrogen gas, permitting a sealed structure. 
NlCd batteries mainly adopt cylindrical or prismatic configurations, 

9<5»2 Discharge CharacterisHcs 

Tht discharge voltage of a sealed NiCd cell typically remains relatively 
constant until most of its capacity is discharged. Ii then drops off rather sharply. 
The flatness and length of the voltage plateau relative to the length of discharge 
are major features of scaled NiCd cells and batteries. The discharge curve, when 
scaled by considering the cfTects of all die application variables, provides a 
complete description of the output of a battery. DifFcrcnccs in design, internal 
constrocTion, and conditions of actual use of cell affect the performance charac- 
terisdcs. As an example, Figure 9-7 illustrates ihc typical effect of discharge rate, 

9.5p3 Charge Characteristics 

Nickel-cadmium batteries are charged by applying a current of proper po- 
larity to the terminals of the battery. The charging current can be pure direct 
current (DC) Or it may contain a si^oificant ripple component such as half-wave 
or full-wave rectified current^. 
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This section cn charging sealed nickel-cadmium batteries refers to charging 
ruies as multiples (or fractions) of the C rate. I'hese C rate charging currents can 
be categorized into descriptive lemis, s^^th as standard charge^ quick charge, fast 
charge, or trickle charge as shown in Tabic 9-2, 

When a nickel-cadmium battery is charged, nol all of the energy input goes 
to converting the active material 10 a usable (chargeable) form. Charge energy 
also goes to converting acdvc material into an unusable form, generates gas. or 
is lost in parasitic side reactions. 

Figure 9-^^ shows the charge acceptance of NiCd cells. The ideal cell, with 
no charge acccpiance loss, would be 100% efficienL All ihc charge delivered 
to the cell could be retrieved oti discharge. But nickel-cadmium cells typically 
accept charge at difFcrcnl levels of efficiency, depending on the slate of charge 
of the cell, as showt» by the bottom curve of Figure 9-8. 

Figure 9-8 describes this performance for successive types of charging 
behavior (zones 1, 2. 3, and 4). Each zone reflects a distinct set of chemical 
mechanisms responsible for loss of charge input energy. 
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FIGURE 9-8 Chaxgc acceprance of a sealed NiCd cell at 0.1 C and ^VC 

In zone 1, a significant portion of the charge input convcns some of the 
active inaterial mass lo an unusable form; that is, charged material not readily 
accessible during medium- or high-rate dischar^gcs* panicularly in the first few 
cycles. In zone 2, the charging efficiency is only slighdy less than 100^; small 
amounts of internal gas and parasitic side reactions arc all ihat prevent the chaige 
from being totally efficient. Zone 3 is transition region. 

As the cell approaches a fill I charge, the current input shifts from charging 
positive active material to generating oxygen gas. In the overcharge region, 
zone 4, all Che current coming into the cell generates gas. In this zone, the 
charging efficiency is practically none. 

The boundaries between zones 1» 2» 3, and 4 arc indistinct and vaiy de- 
pending on cell temperature, construction, and charge rate. The level of charge 



121050/052 



acceptance in zones 1, 2, and 3 also i: 
rale. For details, sec Gates Energy Pr 

9.5-4 Voltago Depression 

When some NiCd batteries arc 
cycles and overcharging, ceJl voltage 
of the capacity is consumed. This is 
the resulting lower voltage may be 
proper system operation, giving the in 
Figure 9-7(b))- If cells are exposed to « 
aturcs, and this is quite common, the 
the normal cell voltage. Voltage dcpi 
don that disappears when the cell is » 
voltage depression effect sometimes 
and clearing the same by charging an* 



9.6 Nickel-Metal Hydride I 

For those battery users who ncci 
willing to pay a higher price, an opi 
which offer a significant increase in 
NiCd cell technology to a new chcn 
applications such as, notebook computi 
NiMH batteries. entered the market in 

In many ways, nickel-metal hydr 
They use nickel, for Ihe positive, elect 
hydrogen-absorbing alloy, for the negs 
of 1.2 V, ihey provide high capacity, i 

The NiCd cell is more tolerant t 
NiMH cells. NiCd cells hold their ch 
will wichsland 500-2000 chargc/disch; 
for NiMH cells. Further. NiCd cells v 
NiMH cells. 

On the other hand, NiMH cells self 
that NiCd cells sometimes do. As with 
applications are higher than those of Nii 
1993; Briggs, 1994). 

The voltage profile of NiMH cell 
of the NiCd cells. NiMH cells' open-t 
discharge rates, NiMH cells* output vol 
have relatively constant output voltage 
typical graph from a battery company, 
NiCd and llOOmAh NiMH AA ceil: 
greater capacity results in approximate 



11/21/05 10:11 FAX 734 647 6618 



HITS UNIV MICH 



©051/052 



-cuir Block Design 




3' 0 



0 




NiCd cell ai O.l Csnd 23*'C 

charge input converts some of the 
hax is, charged material not readily 
:haigcs, particularly in the first few 
only slightly less than 100%^ small 
ctions are all that prevent the charge 
tion region. 

e current input shifts from charging 
^en gas. )n the overcharge region, 
H generates gas. In this zone, the 

, and 4 are indistinct and vaiy de- 
nd dhargc rate. The level of charge 



Rechargeable BaHeries and Their Managemer}f 383 

acceptance in zones 1, 2, and 3 also is influeticed by cell tempertiiure and charge 
rate. For details, see Gaics Energy ProducLs (1992). 

9.5^14 Voltage Depression Effect 

When some NiCd batteries are subjected lo numerous partial discharge 
cycles and overcharging, cell voltage decreases below. 1.05 V/ccII before 80% 
of the capacity is consumed. This is called the voltage depression effect; and 
ihc resulting lower voltage may be below the mininium voliafie required for 
proper system operation, giving the impression chat ihe battery has worn out (see 
Figure 9-7(b)). If ccUs are exposed to overcharging, particularly at higher teraper- 
amres, and this is quite common, the voltage may be about J 50 mV lower than 
the normal cell voltage. Voltage digression is an elccirically reversible condi- 
tion that disappears when the cell is completely discharged and recharged. Ttie 
voltage depression effect sometimes is called erroneously the memory efTect, 
and clearing the same by charging and dis<:harging is called condinoning- 



9.6 Nickel-Metal Hydride Batteries 

For those battery users who need high power in a small pacXagc and are 
willing to pay a higher price, an option is the nickel-metal hydride families, 
which offer a signilicant increase in cell power density. These extensions of 
NiCd cell technology to a new chemisuy have become popular with product 
applications such as notebook computers and cellular phones. The first practical 
NiMH batteries entered the market in 1990. 

In many ways, nickel^mcial hydride batteries are the same as NiCd types: 
They use nickel for the posidvc electrode but a recently developed matenal, a 
hydrogen-absorbing alloy, for the negative electrode. With an operating voliage 
of I 2 V they provide high capadty, more energy density lhan NiCd models. 

Tlie NiCd cell is more tolerant of fast recharging and overcharging than 
NiMH cells. NiCd cells hold their charge longer than NiMH cells. NiCd cells 
will withstand 500-2000 charge/discharge cycles, compared to about 500 cycles 
for NiMH cells. Further, NiCd cells withstand a wider tempcmiure range than 

NiMH cells. . . ^ „ 

On the other hand, NiMH cells seldom exhibit the noionous memory cfFccr 
that NiCd cells sometimes do. As with any new technology, the prices for NiMH 
applications arehigherthan those of NICds (Small, 1992; Eager, 1991; Fumkawa, 

1993; Briggs. 1994). , - u 

The voltage pLx»filc of NiMH cells during discharge is very similar to that 
of the NiCd cells. NiMH cells' open-circuit voltage is 1-3-1.4 Y. At moderate 
discharge rates, NiMH cells' output voltage is 1.2 V. Both NiCd and NiMH cells 
have relatively constant output voltage during their useful service. P"^/^ ^ 
typical graph from a batieiy company, comparing the output voltage of 700 mAh 
NiCd and nOO mAh NiMH AA cells under load. Note that the NiMH cell s 
greater capachy res^ults in approximately 50% longer service hfe. 
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FIGURE 9»9 Discharge charadcrisiics of NiCd and NiMH batteries 

Figure 9-10 is another typical battery company graph showing that NiCd 
attd NiMH batteries and cells charge in a similar fashion as well. However, the 
little bumps at ihc end of the two celVs charge curves bare closer examination. 
You always will see these negative excursions, even though absolute cell voltages 
vary significantly with temperature. 

The negative excursions signal a fully charged cell more or less independent 
of temperature, a useful quirk that sophisticated baliery chargers exploit. Note 
that the NiCd cell's negative-going voltage excursion after reaching a full charge 
is more pronounced than that of tlie NiMH cell. 
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9,7 Uriiium-lon Batteries 
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